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ABSTRACT 
Devising new catalysts with high activity under visible light irradiation is one 
of the greatest challenges in photocatalysis. Supported gold nanoparticles (AuNPs) 
strongly absorb both UV and visible light and become promising photocatalysts for 
utilising the full solar spectrum. Seeking novel photocatalytic applications of these 
noble nanomaterials in organic syntheses are attracting significant interests. 
For the first time, this study demonstrates that direct hydroamination of alkynes 
with amines on supported gold nanoparticles (AuNPs) at room temperature can be 
efficiently driven under visible light irradiation. High product (imine) selectivity with 
4-phenyl-1-butyne conversion of 91% was achieved. Different from conventional 
semiconductors, the photocatalytic activity of supported AuNPs increases with the 
increasing light intensity and increasing reaction temperature, which could 
effectively couple photonic energy and thermal stimuli to drive hydroamination 
reactions. A novel involving mechanism was also proposed: When irradiated with 
visible light, conducting electrons of the AuNPs gain the energy of light due to its 
Localized Surface Plasmon Resonance (LSPR) effect and can migrate to the 
conduction band of the support, leaving positively charged AuNPs. The nucleophilic 
aniline interacted with the positively charged AuNPs forming N-centred radical 
cation, which was proved by Surface Enhanced Raman Scattering (SERS) effect in 
Raman spectroscopy. Alkynes are activated on the support surface, preferably at 
electron rich sites, such as Ti3+ sites (the electron migration facilitates the formation 
of such sites). Consequently the reaction takes place via electrophilic attack of the N-
centred radical cation to the electron rich sites of alkynes. 
In addition to hydroamination reactions, supported AuNPs exhibit efficient 
activity and selectivity for reduction of nitroaromatics and oxidation of aromatic 
alcohols under visible light and sunlight irradiation. This study also discovered that 
visible light, AuNPs and TiO2 supports contribute differently to these two typical 
reactions. Experiment results indicate that the AuNPs act as active sites due to the 
LSPR effect. The conversion of nitroaromatics significantly depends on surface area 
of supported AuNPs and prefers TiO2(B) as support. Those AuNPs on the supports 
with anatase surface exhibit higher photocatalytic activity than other exposed phase 
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surface and no correlation was identified between the surface area of AuNPs and 
catalytic activity. During the investigation of light intensity and reaction kinetics, it 
found that the light has a significant influence on the reduction more than the 
oxidation reaction, in agreement with the fact that the light does not contribute to the 
activation of oxygen which facilitates oxidation. 
Apart from seeking new photocatalysts, modification of titania nanomaterial is 
another hot topic in photocatalysis. The last part of this thesis is related to the 
innovative surface painting and selectively doping cerium ions (Ce3+) into the core of 
TiO2 nanofibres. Anatase TiO2 nanocrystals (NCs) were successfully painted on H-
titanate nanofibres (NFs) using an aqueous solution of titanyl sulphate (TiOSO4). 
Compared to the parent H-titanate NFs and the reference Degussa P25, the painted 
NFs exhibited much higher catalytic activity for the photocatalytic degradation of 
sulforhodamine B (SRB) and selective oxidation of benzylamine (with imine 
selectivity > 99%) under UV irradiation. 
Via a simple one-pot hydrothermal treatment of hydrogen trititanate (H2Ti3O7) 
nanofibres, we also succeeded in selectively doping Ce3+ into the TiO2(B) core of 
TiO2(B)/anatase core-shell nanofibres. The introduction of these Ce3+ could reduce 
the defects of the TiO2(B) core by inhibiting the faster growth of (110) lattice planes. 
As the Ce3+-doped nanofibres irradiating with UV light, the doped Ce3+ (in close 
vicinity to the interface) can efficiently trap the photogenerated holes and facilitates 
the migration of holes from the anatase shell. This results in a highly efficient 
separation of photogenerated charges in the anatase nanoshell and enhanced 
photocatalytic activity. 
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Chapter 1: Introduction 
Energy consumption is steadily increasing. We now rely heavily on non-
renewable sources such as fossil fuels. It is known that the main supply of energy on 
Earth is solar irradiation, about 10,000 times a year more than current global energy 
consumption [1]. How we efficiently use this sustainable and abundant resource is of 
great significance in solving the problems associated with energy shortages and 
environmental concerns. Many researchers have devoted their efforts to this area and 
attempts have been made to utilize the full solar spectrum [2-4]. However, we are 
still unable to use sunlight efficiently. 
This research was mainly focused on supported noble metal nanoparticles as 
photocatalysts utilising the full solar spectrum. Some work on modified titania 
(TiO2) based nanofibres to improve photocatalytic efficiency have also been done 
(chapter 5). Photosynthetic reactions that are of significance to the chemical and 
pharmaceutical industries were investigated, where many current synthetic pathways 
are environmentally hazardous. By examining the properties of gold-based 
photocatalysts, this study aimed to gain an understanding of the reaction mechanism 
catalyzed by supported gold-based nanoparticles. As such it will assist in a better 
understanding of photocatalytic processes and extend the applications of gold 
nanoparticles. The outcome of driving synthetic reactions under milder conditions 
instead of high pressure and temperature could make a great contribution to industry. 
Furthermore, the use of solar energy instead of fossil fuels not only contributes to our 
environment, but also alleviates energy shortage. 
In order to build the case for the study, chapter 2 presents an overview of 
photocatalysis with semiconductors, the properties of gold-based nanoparticles, and 
Localized Surface Plasmon Resonance (LSPR) photocatalysis by gold nanoparticles. 
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2.1 HISTORICAL BACKGROUND 
At the beginning of the 20th century, many scientists considered irradiation as 
one of the many ways to catalyse a reaction. From 1900 to 1920, the chemical effect 
of light had been investigated and it proved that the reaction was not activated by 
heat [2]. The common use of the term photocatalysis began in 1972 when Honda-
Fujishima [3] reported that on TiO2 electrodes, solar energy can be exploited for the 
generation of hydrogen by water splitting. Since then, great efforts have been made 
on TiO2-based semiconductor photocatalysts [4; 5]. 
Another milestone for photocatalysis was its application in environmental 
remediation, such as water treatment and air purification. TiO2-based semiconductor 
materials are still the most widely studied photocatalysts due to suitable band gap 
and long-term photostability. A semiconductor with a larger band gap may not cause 
any reactions under sunlight and the semiconductors with narrow band gaps are 
easily eroded in photoinduced reactions. The band gaps of different semiconductors 
are shown in Figure 1 [4]. 
 
 
Figure 1. Energies for various semiconductors in aqueous electrolytes at pH = 1. 
Adapted from Ref [4]. 
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The photocatalytic mechanism in this system is showed as Figure 2 [5]. When 
a semiconductor is illuminated by light with wavelength equal to or greater than its 
band gap, an electron in the valence band (VB) is excited to conduction band (CB) 
and a corresponding hole is formed in the valence band. The efficient charge 
separation of the photoexcited electron and hole pairs allows the reduction and 
oxidation reactions to occur on the particle surface respectively. 
 
 
Figure 2. Photocatalytic reactions occurring on photoactivated TiO2 particle. 
Adapted from Ref [5]. 
In addition to environmental remediation, the use of solar energy in organic 
synthesis, selective oxidation and reduction processes have also attracted the interest 
of researchers in recent years. This is referred to as the third application. There are 
two main reasons for this wide attention in organic synthesis [6]: First, solar light 
represents a totally renewable source of energy and photocatalytic organic reactions 
are often driven by O2 molecules, which offers promise in the context of sustainable 
processes and green chemistry. Second, photochemical excitation can be conducted 
under milder conditions when compared with thermal activation, such as room 
temperature or low pressure. Under these conditions, undesirable side reactions could 
be inhibited and high purity product in organic synthesis could be obtained. 
In organic synthesis, selectivity is of great importance, especially in the 
production of fine chemicals. However, the use of TiO2-based semiconductor 
photocatalysts has a potential problem that most organic compounds will undergo 
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uncontrolled oxidation. Although several synthetic reactions have been proven to 
proceed in TiO2-modified heterogeneous photocatalytic systems, conversion is 
relatively low and it seems that high selectivity is limited to only a few appropriate 
substrates [5]. In the oxidation of aromatics to mono-hydroxylated aromatic 
derivatives, the OH radical attack is only selective in the presence of an electron 
donor group, obtaining the ortho- and para- isomers [7]. The yields and efficiency of 
the epoxidation of arylated olefins on titanium dioxide powder are much lower than 
those of linear alkyl olefins [8]. It is also reported that high purity of the product 
pipecolinic (PCA) from L-lysine cannot be achieved due to the partial contributions 
of the α-amino group oxidation route [9]. 
Another problem with conventional semiconductor photocatalysts is that they 
can only be excited by UV light, i.e., with wavelength shorter than 400 nm. 
Therefore, effective utilization of the full solar spectrum where visible light accounts 
for more than 40% of the solar energy has long been the goal of photochemistry 
researchers [10]. Thus, it is important to search for non-semiconductor photocatalysts 
capable of inducing the reactions with high selectivity, a major target of industrial 
synthesis. 
It is known that gold nanoparticles can absorb visible light intensely and be 
heated rapidly due to the surface plasmon resonance effect [11; 12]. Gold 
nanoparticles also exhibit considerable UV light absorption because of interband 
transitions. Therefore, gold nanoparticles are potentially photocatalysts that could 
utilize the full solar spectrum. In addition, different mechanisms for light absorption 
lead to different photocatalytic mechanism under UV and visible light irradiation. 
We can potentially control whether a specific reaction will take place or not, by 
tuning the light wavelength. This has been confirmed by our group’s former studies 
[13; 14; 15]. By using supported gold photocatalysts, it is also hopeful that unstable 
intermediates in the conventional reactions such as organic synthesis driven by 
heating could be obtained. 
2.2 SEMICONDUCTOR PHOTOCATALYSIS 
As mentioned before, TiO2 based semiconductors are the most widely used 
materials as photocatalysts. Due to the limitations listed above, many methods have 
been developed to improve the performance of TiO2 photocatalysts or extend 
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photocatlaytic response from the UV to the visible light [16; 17]. Here, we focus on 
two widely used methods, namely, doping with other elements and surface 
modification. In addition, synthesis of mixed phases of titania nanofibres to improve 
the photocatalytic efficiency will be introduced in this section. 
2.2.1 Doping TiO2 with Other Elements 
The metal (titanium) and non-metal (oxygen) components of TiO2 can be 
replaced by other elements to alter the material’s optical properties. The dopant 
elements can be divided into two types, metal and non-metal. Many metal ions have 
been investigated [18], such as Ce (III) [19], Bi (III) [20] and Fe (III) [21]. Although 
metal ion doping should decrease the photothreshold energy of TiO2, localized d 
states of these ions may also act as recombination centres [22]. Various non-metal 
elements have been successfully doped or co-doped into TiO2 nanomaterials, such as 
B, C, N, F, and S [23-29]. For these non-metal dopants, the modified optical 
properties are in general due to the electronic transition from the dopant 2p or 3p 
orbitals to Ti(3d) orbitals [25]. The electronic states above the valence band edge of 
pure TiO2 for C-, N- and S- doped TiO2 nanomaterial were found to be responsible 
for the absorption in visible light range. Although many works on non-metal doped 
TiO2 materials were reported, there are still unresolved issues focused on the origin 
of visible light adsorption and the states of non-metal atoms doped into the TiO2 
lattice, as shown in Figure 3 [17]. As a representative, N-doped TiO2 have been 
investigated intensively. Substitutional nitrogen doping was found to be the most 
effective in the band gap narrowing of TiO2 as N 2p states mixed with O 2p states, 
which is reported by Ashahi in 2001 [27]. The doping of nitrogen facilitates the 
formation of oxygen vacancies in TiO2, which could also contribute to the absorption 
in the visible light region. Calculations reveal that the substitutional doped nitrogen 
(give rise to the localized N 2p acceptor stated above the valence band) and oxygen 
vacancies (result in donor states below the bottom of the conduction band formed by 
Ti 3d orbitals) contribute to the different visible light regions of absorbance spectrum, 
400-500 nm and above 500 nm respectively [30]. 
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Figure 3. The possible band-gap electronic structure and excitation processes of non-
metal doped TiO2 materials under visible light irradiation: (a) pure TiO2; (b) band-
gap narrowing model; (c) oxygen-deficient TiO2; (d) localized mid-gap level model; 
(e) oxygen vacancy levels and mid-gap levels are considered together. Adapted from 
Ref [17]. 
2.2.2 Surface Modification 
Any material with absorption in the visible or infrared region can be used as a 
sensitizer, examples include narrow band gap semiconductors and metal 
nanoparticles. Organic dyes have been widely used as sensitizers for the TiO2 system 
also. Photoinduced electron injection into the conduction band of TiO2 by organic 
dyes and metallic complexes is a well-known process [31-35]. The efficiency of 
electron injection from the photo-excited N3 dye into various nanocrystalline 
semiconductors (ZrO2, TiO2, ZnO, Nb2O5, SnO2, In2O3) film was studied using 
transient absorption spectroscopy [34]. N3 dye (cis-bis-(4,4’-dicarboxy-2,2’-
bipyridine) dithiocyanato ruthenium(II), or Ru(dcbpy)2(NCS)2, is one of the best 
sensitizers for dye-sensitized solar cell systems (DSSCs). The injection efficiency 
was found to be very low for ZrO2, for which the bottom of the conduction band is 
located above the LUMO level of N3 dye. Later, using time-resolved fluorescence 
and transient absorption spectroscopy, systematical investigation of the electron 
injection and excited-state decay kinetics for different diameter TiO2 particles (d = 9, 
20, 30, 50, 169, 200, and 400 nm in diameter) sensitized by N3 dye was reported [35]. 
Reports also show that the photodegradation pathway of dye pollutants under visible 
light irradiation is different from that of UV light, following the photosensitization 
process (Figure 4): Upon photoexcitation of the dye by visible light, electrons are 
excited from the ground state of the dye to its excited state, and then electron 
injection occurs from the excited dye into the conduction band of the semiconductor. 
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Figure 4. The semiconductor-mediated photodegradation initiated by the surface 
electron injection from the adsorbed dye molecules that harvest visible light. 
Adapted from Ref [10]. 
2.2.3 Mixed Phases of TiO2 nanofibres 
TiO2 exists mainly in four polymorphs in nature, anatase (tetragonal, space 
group I41/amd), rutile (tetragonal, space group P42/mnm), brookite (orthorhombic, 
space group Pbca), and TiO2(B) (monoclinic, space group C2/m) [36; 37]. Generally, 
the anatase phase exhibits the highest photocatalytic efficiency for oxidative 
degradation among these polymorphs while rutile phase is considered less active. 
The mixed phases of anatase and rutile nanocrystals have been found to exhibit a 
better photoactivity than pure anatase in many reaction systems [38]. 
As the most commonly used material in photocatalysis, different morphologies 
of TiO2 has also been developed. Take the nanofibre morphology for example. The 
fibril shape has a large surface to volume ratio, which is beneficial not only for the 
loading of gold nanoparticles but also for photocatalytic activity since photocatalytic 
reactions take place on the surface of the catalysts. An additional merit of the 
nanofibres is that they are particularly suitable for the transmission electron 
microscopy (TEM) study of the interface structure [39]. 
Using the consecutive partial phase transition process, our group prepared 
mixed-phase nanofibres with a shell of anatase nanocrystals on the fibril core of a 
single TiO2(B) crystal from H2Ti3O7 nanofibre [40]. It was found that the mixed-
phase nanofibres exhibited superior photocatalytic activity for degradation of 
sulforhodamine B under UV light to the nanofibres of either pure phase alone or 
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mechanical mixtures of the pure phase nanofibres with a similar phase composition. 
The differences in the band edges of the two phases promote migration of 
photogenerated holes from anatase shell to the TiO2(B) core, as shown in Figure 5. It 
was demonstrated that the holes migrate much faster than excited electrons, more 
holes than electrons migrate to TiO2(B) and this reduces the recombination of the 
photogenerated charges in anatase shell. In addition, fibril photocatalysts of mixed 
TiO2(B) and anatase phases, pure TiO2(B) and pure anatase were also obtained by 
calcining titanate nanofibres at different temperatures between 300 and 700 oC. 
These mixed-phase nanofibres also exhibit higher photocatalytic activity for 
degradation of sulforhodamine B (SRB) under UV light than nanofibres of either 
pure phase alone, or mechanical mixtures of the two pure phase nanofibres with a 
similar phase composition [41]. 
 
Figure 5. Possible electron-hole separation mechanism of mixed-phase nanofibres 
during photocatalysis driven by UV light illumination. Ref [40]. 
2.3 THE PROPERTIES OF GOLD NANOPARTICLES 
Besides the modification of conventional semiconductors, seeking new 
generation photocatalysts is another way to efficiently utilize the full solar energy. 
Before the introduction of supported gold nanoparticles as photocatalysts, this 
section will first give a brief review of the optical and catalytic properties of gold 
nanoparticles. 
2.3.1 The Optical Properties of Gold Nanoparticles 
2.3.1.1 The origin of localized surface plasmon resonance and its effects 
Localized surface plasmon resonance comprises an electromagnetic field 
coupled to the oscillations of conduction electrons and can be described as follows 
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[42-45]: When an incoming light passes, the free conduction electron density in the 
metal particle is polarized to one surface. Then a net charge difference is formed at 
the nanoparticle surface, which in turn acts as a restoring force that tries to 
compensate it. In this way, the electrons oscillate in resonance with the light’s 
frequency, namely, a dipolar oscillation of the electrons, as shown in Figure 6 [42]. 
 
e- cloud 
Gold 
sphere 
E-field 
 
Figure 6. The interaction of an electromagnetic radiation with a metal nanosphere. 
Adapted from Ref [42]. 
Dating back to 1908, Mie was the first to explain the red colour of gold 
nanoparticle solutions by solving Maxwell’s equation. In Mie theory, when the 
nanoparticles are much smaller than the wavelength of light, only the electric dipole 
term is significant [43; 46]: 
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where V is the particle volume, ω is the angular frequency of the exciting light, 
c is the speed of light, εm and ε(ω) = ε1(ω) + iε2(ω) are the dielectric functions of the 
surrounding medium and the material itself respectively. When condition ε1(ω) = -
2εm is fulfilled, the long wavelength absorption by the bulk metal is condensed into a 
single, surface plasmon band. 
For a metal nanosphere with a radius that is much smaller than the wavelength 
of light, the metal polarizability can also be given by the following equation, edited 
from [47]: 
α = (a/r)gd
3 
with 
gd = (εi – ε0)/(εi + 2ε0) 
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where a is the radius, r is the distance between molecular and the centre of 
nanosphere, εi is dielectric constant of the metal nanoparticles and ε0 is the dielectric 
constant of the surrounding medium. A strong resonance occurs when εi = -2ε0. 
Noble metals such as gold and silver can fit this equation. 
Thus, metal particles of silver, gold and copper show distinct and well-defined 
plasmon absorption in the visible region (around 400 nm and 520 nm for spherical 
nanoparticles of Ag and Au, respectively), whereas the plasma frequency of many 
metals such as Pb, In, Hg, Sn, and Cd lies in the UV part of the spectrum [42; 44; 11; 
48]. 
The LSPR frequency depends not only on the metal, but also on the size and 
shape of the nanoparticle, and the dielectric properties of the surrounding medium, 
etc [49]. The surface plasmon band intensity strongly depends on the diameter of the 
particle [12]: For gold particles with diameter between 5 nm and 25 nm, the surface 
plasmon damps with a decrease of the particle diameter. This is because the 
frequency of electron scattering at a particle boundary in the electronic excited state 
correspondingly increases. For gold particles with diameter smaller than 5 nm, the 
surface plasmon peak disappears with the decrease of diameter, as shown in Figure 7. 
This is because the number of the conduction electrons reduces, a result of quantum-
size effects. 
 
 
Figure 7. Absorption spectra of gold nanoparticles with different average diameters. 
Adapted from Ref [12]. 
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While size effects are very important, shape effects seem to be even more 
pronounced in the optical absorption spectrum of gold nanoparticles. For a 
cylindrical or rod-shaped gold nanoparticle, the plasmon resonance absorption band 
splits into two bands referred to as transverse and longitudinal surface plasmon 
resonances respectively [43; 50]. The transverse mode shows a resonance absorption 
band around 520 nm, coincident with the surface plasmon resonance band of 
spherical particles. The resonance band of the longitudinal mode is red-shifted and 
strongly depends on the aspect ratio, which is defined as the length of the rod divided 
by the width of the rod. Moreover, the increase in the peak position of longitudinal 
plasmon band with increasing nanorod aspect ratio follows a linear trend. 
In addition to the dependence of size and shape, the plasmon absorption of 
metal nanoparticles is significantly sensitive to the surrounding environment. There 
is even greater sensitivity in the optical response to the solvent than to the substrate 
[51]. Generally, the solvent effect on the plasmon absorption of metal nanoparticles 
can be divided into two types, namely, solvents that alter the refractive index 
surrounding AuNPs and solvents that directly complex with the gold surface [11]. In 
those solvents without active functional groups and noticeable chemical interactions 
with the gold surface, the surface plasmon band of AuNPs shifts toward longer 
wavelengths with increasing refractive index of the solvent, such as cyclohexane, 
toluene, o-xylene, chlorobenzene, and o-dichlorobenzene. In some polar solvents 
interacting directly with Au surfaces, the peak of SPR band of gold nanoparticles 
remains unchanged, such as with tetrahydofuran (THF), dimethylformamide (DMF), 
dimethyl sulfoxide (DMSO), and acetone. This is because the high electron affinity 
of gold can strip off electrons from these solvents, which alters the electron density 
of Au and thus overrides the effects of refractive index. 
The above three aspects are focused on isolated gold nanoparticles. Actually, 
the distance between two gold nanoparticles or the density of gold nanoparticles also 
have significant effect on the surface plasmon absorption band. The close approach 
of two nanoparticles (within 2.5 times the particle diameter) will lead to the 
interaction of their localized surface plasmon resonance [52-55]. The resonance 
wavelength peak is red-shifted due to the near-filed plasmon coupling and the 
coupling can be controlled via the nanoparticles separation, angle and interaction 
geometry [52]. Reports also show that the coupled SPR absorption of high-density 
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AuNPs decorated on single-walled carbon nanotubes contributes most to the strong 
surface enhancement [55]. 
An important effect of LSPR, namely one optical property of gold 
nanoparticles, is that the photon energy absorbed by the gold nanoparticles in 
photoexcitation-relaxation cycle is converted to heat, causing the temperature to rise. 
In other words, the excited electrons will return to their thermal equilibrium states 
and release heat to the lattice and surrounding medium [11; 12; 56]. Some works 
have been done for the application of this effect. For example, J. Croissant and J. I. 
Zink recently prepared a light-operated nanovalve that controls the pore openings of 
mesoporous SiNPs containing AuNP core to release cargo molecules [57]. 
2.3.1.2 UV absorption 
In addition to visible light absorption, gold nanoparticles exhibit considerable 
UV light absorption [58-60]. Balamurugan et al. [58] reported that the optical 
absorption spectra of Au nanoparticles consist of two peaks situated in the visible 
and ultraviolet wavelength regions. The absorption peak in the visible and ultraviolet 
wavelength region can be attributed to the intraband and interband transition, 
respectively. LSPR absorption is attributed to the intraband transition of electrons in 
6sp, while the interband transition is due to the electron transition from the 5d band 
to an empty state (6sp) in the conduction band of Au nanoparticles. 
Since intraband absorption originates from the optical response of conduction 
electrons in the particles, it is sensitively affected by the electron distribution around 
the Fermi level. In contrast, the interband originates from the d band, which relates 
closely to the low-lying atomic orbital [12]. Thus, the interband absorption does not 
change significantly with the diameter of the particle, because it relates to the 
response of the d electrons. 
2.3.2 Factors Affecting the Structure and Catalytic Properties of Gold 
Nanoparticles 
The unique catalytic property of the gold catalyst is closely related to the 
structure and particle size of gold nanoparticles as well as the interaction between 
gold nanoparticles and supports. Thus, in this section we will focus on the factors 
affecting catalytic performance of gold nanoparticles. 
 14 Chapter 2: Literature review 
M. Haruta believed that three factors characterize Au catalysts in the CO 
oxidation and propylene epoxidation, namely, rule the activity and selectivity [61]. 
These factors are strong contact of gold nanoparticles with support, suitable selection 
of supports and size control of gold nanoparticles. For CO oxidation, semiconductive 
metal oxides such as TiO2, Fe2O3, Co3O4 and NiO provide more stable Au catalysts 
than insulating metal oxides like Al2O3 and SiO2. For the combustion of nitrogen-
containing compounds, the highest activity was observed when using ferric oxide 
and nickel ferrites as supports due to their good affinities to nitrogen. For the reaction 
of propylene with O2 and H2, the main product switches from propylene oxide to 
propane at a critical diameter of 2 nm for gold nanoparticles [62]. 
Actually, as the size of a metal particle is decreased, the proportion of atoms at 
or close to the surface that are incompletely bound to neighbours increases; the lower 
the mean coordination number of atoms in a particle, the more unemployed orbital 
there will be, and the greater will be their effect on the particles’ properties [63]. K. 
Okazaki et al. [64] investigated the size and interface effects on the electronic 
structure of the gold nanoparticles supported on the TiO2. They reported that the 
mean inner potential (the mean inner potential reflects the distribution of the valence 
electron density of Au particles) tends to increase when the size of the gold particles 
supported on TiO2 is below 5 nm and increase suddenly when the size below 2 nm. 
This tendency agrees with the tendency of the size dependence of the catalytic 
activity. 
The most active structures of Au have been shown to consist of bilayer islands 
that have distinctive electronic properties compared to bulk Au [64-66]. K. Okazaki 
found the critical height of 0.4 nm corresponds to two atomic layers of Au and the 
metal-nonmetal transition at the height of 0.4 nm causes deactivity of the Au 
particles supported on TiO2. Chen et al. reported that an activity maximum was 
observed for Au structures with two atomic layers in thickness [65]. The TiOx layer 
is oxidized in bonding to Au and rearranging from the (8×2) to the (1×1) structure, 
which is consistent with the formation of Auδ–. Au either bonds directly over a Ti site 
or bridge-bonds between two Ti sites. The (TiOx) support plays a crucial role as a 
dispersant and promoter of the Au overlayer. These studies have shown that the Au 
morphology (bilayer Au structure) and the strong interaction between Au and defect 
sites on the TiO2 surface are critical for high CO oxidation activity. 
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However, the density functional theory (DFT) and ab initio thermodynamic 
calculations by S. Linic et al. suggest that there exists a thermodynamic driving force 
to oxidize Auδ- and form cationic Auδ+ under catalytically relevant conditions for 
Au/TiO2. While for Au on irreducible SiO2, Auδ- interacts weakly with oxygen and 
high oxygen chemical potentials are required to oxidize the substrates. Auδ+ formed 
in the process of the Au-O bond formation provides an ideal environment for the 
low-temperature oxidation reactions [67]. 
2.3.3 The Catalytic Properties of Gold and Gold-based Bimetallic Nanoparticles 
Gold has been viewed as catalytically inactive for a long time. This was 
changed after Bond et al. [68] reported that Au was active for hydrogenation of 
olefins when dispersed as small nanoparticles. Between 1985 and 1987, another 
milestone in heterogeneous catalysis by gold was established when Haruta et al. 
reported that supported gold nanoparticles can activate the oxidation of carbon 
monoxide at temperatures as low as 203K [69] and Hutchings showed that gold is the 
best catalyst for ethyne hydrochlorination [70]. Since then, interest in gold catalysis 
has grown exponentially. However, reactions including carbon monoxide and direct 
synthesis of hydrogen peroxide are not discussed in this section. Attention is placed 
on selective reduction and oxidation as well as nuleophilic additions to π systems. 
2.3.3.1 Selective reduction 
Functionalized anilines are industrial intermediates for a variety of specific and 
fine chemicals. An important way to produce functionalized anilines is selective 
reduction of a nitro group in the presence of other reducible functional groups. This 
is generally approached by using a stoichiometric amount of a reducing agent, which 
is not environmentally friendly. Corma et al. [71-73] recently reported that Au/TiO2 
can catalyze the selective reduction of a nitro group in the absence of metal salts. H2 
is dissociated on Au and substrate is absorbed on the interface of TiO2 and Au 
through the nitro group. Schimizu et al. also reported the activity of supported gold 
nanoparticles in this area. They showed that cooperation of the acid-base pair site on 
Al2O3 and the low coordinated Au atoms on the Au particles are responsible for the 
H2 dissociation to yield a H+/H- pair at the metal/support interface [74]. Besides gold 
nanoparticle system, other noble metal nanoparticles are also found as effective 
reduction catalysts for nitroaromatics, such as Ag [75-77] and Pt [78]. Ag/SiO2 was 
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prepared by a new synthetic method, and found to be highly effective and recyclable 
catalyst for the hydrogenation of a range of chloronitrobenzenes to the corresponding 
anilines. The size of silver nanoparticles as well as the interaction between silver and 
support was believed to be important in the catalytic reaction system [75]. Kaneda et 
al constructed a core-shell AgNPs-CeO2 structure, which is able to induce the 
heterolytic cleavage of hydrogen species. The resulting Ag hydride and proton 
species lead to the complete chemoselective reduction of nitro compounds in the 
presence of C=C bonds. This catalyst system was also highly active and selective for 
the deoxygenation of epoxides to alkenes using H2 as a clean reductant [76]. The 
direct reduction route and condensation route from niroaromatics to anilines were 
also discussed by Corma and co-workers [79]. 
Aromatic azo compounds are also important intermediates for a variety of 
specific and fine chemicals in industry, such as dyes, food additives and 
pharmaceutical products. An important way to produce aromatic azo compounds is 
the reduction of nitroaromatics. Another is the oxidation of anilines. However, these 
routes always show low yields and poor selectivity. Corma and co-workers [80; 81] 
recently synthesized azobenzene from nitrobenzene by coupling the chemoselective 
hydrogenation of nitroaromatics to anilines and the aerobic oxidation of anilines to 
azobenzenes. Azobenzene was formed as intermediates during the first step, but it is 
unstable and quickly reduced to aniline. So, another oxidation step was performed to 
oxidize aniline to yield azobenzene at 100 ℃ under 5 bar of O2. 
NO2 NH2
H2 (9 bar)
Au/TiO2
O2 (5 bar)
Au/TiO2 N
N
 
In addition, many studies have also been focused on the selective reduction of 
C=O bond. One of the important applications is selective hydrogenation of α, β-
unsaturated aldehydes to specific products such as saturated aldehydes and alcohols 
as well as unsaturated alcohols, which are widely applied in the synthesis of flavours 
and pharmaceuticals [82; 83]. Reports have shown that supported gold catalysts are 
highly selective and preferentially hydrogenated the C=O bond rather than the C=C 
double bond [84]. 
2.3.3.2 Selective oxidation 
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1) Selective oxidation of Hydrocarbons 
Vinyl acetate (VA) is the monomeric unit for the synthesis of poly(vinyl 
acetate) (PVAc), which are the most widely used adhesives on the market. It is also a 
significant intermediate for the production of painting and surface coatings. In the 
synthesis of VA, Pd-Au bimetallic silica-supported catalyst is a well-known system 
applied in industry. Goodman and co-workers [85; 86] investigated the mechanism 
of the promotional effect of Au in the Pd-Au alloy catalyst. They found that the 
critical reaction site is made up of two non-contiguous, suitably spaced, Pd 
monomers. The role of Au is to isolate Pd sites, thus facilitating the coupling of 
critical surface species to VA and inhibiting the formation of undesirable reaction 
by-products. 
2) Selective oxidation of Alcohols 
Aromatic aldehydes are important materials for the production of fine 
chemicals. The selective oxidation of alcohols into corresponding aldehydes with 
molecular oxygen is a crucial process for the formation of aldehydes [87-89]. 
However, conventional methods used in selective oxidation of aromatic alcohols 
involve the use of heavy metal compounds and conditions of high temperatures and 
pressures. Therefore, it is highly desirable to develop an efficient and 
environmentally friendly process for the selective oxidation of alcohols. 
CHOCH2OH
Catalyst, Additives
O2, Solvent
RR  
Hutchings and co-workers [90] initially investigated the oxidation of benzylic 
alcohol. They argue that Au acts as an electronic promoter for Pd and that the active 
catalyst has a surface that is significantly enriched in Pd. Corma and co-workers 
reported the high selectivity of gold catalyst for the oxidation of allylic alcohols 
compared with Pd catalyst [91; 92]. Under their solventless conditions, oxidation of 
Pd-H species is not sufficiently fast, namely, the oxidation of Au-H is easier. The 
reaction under H2 and N2 (10:90) atomphere provides the evidence of the lower 
tendency of gold nanoparticles to form reactive hydrides compared with palladium 
catalysts [91]. They also reported that gold nanoparticle on nanocrystalline ceria is 
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active for the selective oxidation of alcohols in the absence of solvent and base [93]. 
In this work, they believe that nanocrystalline ceria (~5 nm) contains stoichiometric 
oxidation sites of alcohols able to perform one reaction cycle, while small-crystal-
sized gold (2-5 nm) interacts with the nanometric ceria surface, to stabilize the 
positive oxidation states of gold by creating Ce3+ and oxygen deficient sites in the 
ceria. 
In the aerobic alcohol oxidation, the performance of gold nanoparticles on a 
series of metal carbonates depends strongly on the basicity of the support material 
[94]. Actually, gold nanoparticles on other supports have also been developed for the 
selective oxidation of alcohols, such as hydrotalcite [95]. The role of support is not 
only to provide stability for positive gold species by interfacial gold-support 
interaction but also to facilitate oxygen activation to promote the reoxidation of 
metal hydrides [96], where a second mechanism involved the intermediacy of 
positively charged species has been proposed. The experiments suggest that the 
rupture of the benzylic C-H bond progresses faster than the formation of the C=O 
and that the C-OH develops a partial positive charge in transition state as metal-
alcoholate. 
The formation of Ru-H species in the oxidation of alcohols was proved by 
experiments in reported works [97; 98]: First, under anaerobic conditions, the moles 
of acetone produced was found to be approximately the same as the moles of Ru on 
Al2O3, and water produced; Second, almost equimolar amounts of acetone and 1-
phenylethanol were produced when acetophenone was treated in 2-propanol under 
Argon, which shows that transfer hydrogenation takes place. Chechik et al. also 
found that the process takes place via abstraction of hydride or a hydrogen atom from 
the alcohol by the gold surface [99]. Further investigations confirmed the formation 
of Au-H species during alcohol oxidation. 
In the oxidation of D-sorbitol to D-gulonic/gulonic acid, L. Prati et al. [100; 
101] studied the synergetic effect of Pd or Pt on Au catalysts. The Au-based 
bimetallic catalysts showed a resistance to poisoning and increased activity and 
selectivity to monooxidation. Glycerol (propan-1, 2, 3-triol) is also an attractive 
starting point for the synthesis of intermediates because it is a highly functionalised 
molecule and easily available from bio-sustainable sources. The oxidation of glycerol 
can obtain a large number of products [102]. Hutchings et al. [103] noted that the 
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Au/C catalyst was inactive in the absence of NaOH, but achieved 100% selectivity to 
glyceric acid at high conversion in presence of NaOH. They proposed that the base 
aids the initial dehydrogenation via H-abstraction of one of the primary OH groups 
of glycerol and, thus overcoming the rate limiting step in the oxidation process. This 
is a significant difference from Pd and Pt catalysts [104]. 
3) Selective oxidation of Sugars 
Gold has been frequently studied for the oxidation of reducing sugars to 
corresponding monocarboxylic acids, such as D-glucose to D-gluconic acid. 
Gluconic acid is an important food and beverage additive, is also used as a cleansing 
agent, and made on the 60000 tonnes per annum scale, so there may be further 
opportunities for gold in the food industry [105]. 
Two kinetics of glucose oxidation have been proposed. One is a semiempirical 
model based on the Langmuir-Hinshelwood formalism [106]. The other is proposed 
by Rossi and co-workers [107]. On the basis of a thorough kinetic analysis, they 
found that the experimental data fit with a Rideal-Eley mechanism in which 
chemisorbed glucose interacts directly with an oxygen molecule coming from the 
liquid phase. In a subsequent investigation, Rossi et al. demonstrated that the 
oxidation of glucose do not proceed by a radical pathway but a two-electron 
mechanism. 
2.3.3.3 Nucleophilic Additions to π Systems 
The addition of hydrogen chloride (HCl) to olefins is a fundamental reaction 
studied in introductory organic synthesis. It is attractive to prepare alkyl chlorides 
directly from a wide range of alkenes for the synthesis of complex structures. 
Supported gold catalysts show high activity for the addition of hydrogen chloride to 
ethyne [108]. 
The hydroamination of C-C multiple bonds attract intense interest as an 
efficient and environmentally benign alternative route for synthesis of organo-
nitrogen compounds [109]. In this section we will focus mainly on hydroamination 
of alkynes with anilines, while other addition reactions of alkynes catalyzed by gold 
systems will be briefly introduced at last. 
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Many studies have been focused on the synthesis of imines from alkynes and 
anilines [110-116]. In this kind of reaction, however, several thermodynamic and 
kinetic factors inhibit the direct nucleophilic addition of amines across multiple 
bonds. First, electrostatic repulsion between the lone pair of amine nitrogen and 
electron rich non-activated multiple bonds. Second, the reaction is not favoured at 
high temperatures due to negative reaction entropy. The intramolecular 
hydroamination process is kinetically and thermodynamically more favoured than the 
intermolecular process. As a result, intermolecular hydroamination process is far less 
developed. Many catalysts systems were developed for this process [117-125]. 
Copper(II) ion-exchanged montmorillonite as catalyst, the effect of catalyst amount, 
solvent and temperature on the performance of catalyst was investigated [119]. The 
polar solvents are not favourable for the reaction probably because the strong 
adsorption between the solvents and support hinders the availability of reactants for 
the reaction. The decreases of the conversion with the increasing amount of solvent 
could be caused by the lower concentration of the reactants. As Cu2+ is moderately 
acidic, it gives very high activity for hydroamination. Noble metal complexes were 
also investigated, such as Ru [126; 127], Pd [128], Ag [129], Rh [130]. In 1999, 
Uchimaru et al. first reported intermolecular ruthenium-catalyzed hydroamination of 
alkynes, using Ru3(CO)12 as catalyst [126]. A 10-fold excess of amine is necessary to 
obtain high yields of corresponding enamines. Although they proposed that aniline 
was activated by the oxidative addition of the N-H bond to a coordinatively 
unsaturated ruthenium (0) centre, they cannot completely exclude the possibility of 
the coordination of alkyne with Ru metal centre followed by nucleophilic attack of 
amine nitrogen at the activated C≡C bond. Gold-based complex has also been 
identified as an active catalyst for this process since 2001 [131-136]. At nitrogen 
atmosphere, the hydroamination procedure has proved to be applicable to various 
alkynes (inclusive of internal ones) by using both (Ph3)AuCH3 and an acidic 
promoter, which is indispensable prerequisite for the reaction [137]. This gold(I)-
catalyzed hydroamination involves the electrophilic attack of the amine to alkynes. 
The formation of cationic Au(I)-alkyne complex should be favoured by an electron 
donation group in the alkyne while the following electrophilic attack of amine which 
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coordinated with the gold centre first is favoured by the electron withdrawing group 
in aniline molecule. The direct nucleophilic attack of amine is excluded because the 
amine with electron withdrawing group reacts faster. However, this reaction 
proceeds efficiently only in the presence of certain tungstate polyacid catalysts and 
recycling the catalyst in homogeneous reactions remains a challenge. Recently, 
Corma and co-workers [138; 139] reported that solid gold catalysts were active for 
the hydroamination of alkynes. When using Au–Ch(I)–SiO2 as catalyst, the highest 
TON was up to 80 after reaction 22 h at 373 K without the need for acid promoters 
and inert atmosphere [138]. The electron-donating or -withdrawing groups did not 
influence the regioselectivity of the reaction, Markovnikov addition product was 
obtained in all cases. High selectivity however could only be achieved in the 
presence of activated molecular sieves (zeolite 4A). It seems that developing 
efficient and green systems for this addition is needed. 
In addition to hydroamination, gold-based catalysts were found to be an 
effective system for other alkynes reactions, such as Sonogashira coupling[140], 
dimerization [141], coupling [142; 143], hydration [144], hydrogenation [145], 
cycloaddition [146] etc. 
2.4 PHOTOCATALYSIS BY SUPPORTED GOLD NANOPARTICLES 
(LSPR) 
2.4.1 Supported Gold Nanopartilces as Photocatalysts 
Due to the so called localized surface plasmon resonance (LSPR) effect and the 
interband transition (the transition of 5d electrons to the 6sp band), gold 
nanoparticles show strong optical absorption in both visible and ultraviolet region 
respectively. Also the visible light absorption leads to the thermalization of the 
electrons and excites them from ground states to higher energy levels. This heating 
effect and considerable optical absorption makes gold nanoparticles potential 
photocatalysts that could utilize full solar spectrum to drive chemical reactions 
involving electron transfer. 
Until now, many photocatalytic reactions have been investigated by using 
noble metal-doping of titanium [147]. However, most studies focused on the role of 
TiO2, neglecting the photoactivity of the gold nanoparticles. In either case, the gold 
nanoparticles do not serve as sensitizer. 
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T. Tatsuma and co-workers studied the plasmon-induced 
photoelectrochemistry at gold and silver nanoparticles incorporated in a nanoporous 
TiO2 film.[148-151] In their study, the plasmon-induced charge separation was 
proposed. The collective oscillation of electrons at the AuNP surface is induced by 
the incident light and the positively charged AuNP takes electrons from the 
coexisting donor (I-). They believed that the possible mechanism is similar to dye-
sensitized nanoporous TiO2 [148]. They found that the photoaction spectra for both 
the open-circuit potential and short-circuit current were in good agreement with the 
absorption spectrum of gold nanoparticles in the TiO2 film. Charge separation at the 
plasmon-excited AuNP is accomplished by the transfer of photoexcited electrons 
from the gold particle to the TiO2 conduction band and the simultaneous transfer of 
compensative electrons from a donor in the solution to the gold particle. The Au-
TiO2 film is applicable to visible-light-induced oxidation of ethanol and methanol 
and reduction of oxygen [149; 150]. Recently, based on plasmon induced 
photoelectrochemical reactions, they achieved the reversible changes in length and 
spectrum of Ag nanorods [152]. 
A. Furube and M. Tachiya et al also proved the role of gold nanoparticles as 
sensitizer. Using femtosecond IR probing, it was observed that electrons injected 
from the plasmon band of gold nanodots into the conduction band of TiO2 show 
intraband absorption in the IR region (3500 nm) [153; 154]. No electron transfer was 
observed for ZrO2 of which the conduction band is located 0.9 eV above that of 
TiO2. The electron injection time is 240 fs and the injection yield was estimated to be 
40% by comparison with N3/TiO2. 
Recently, the application of gold nanoparticles as visible light photocatalyst to 
selective catalytic reactions attracts many attentions. It is possible drive organic 
synthesis and obtain unstable important industry intermediates using the plasmon 
resonance effect of gold nanoparticles [13-15, 155-159]. In 2008, it confirmed the 
possibility of driving the VOC oxidation with visible light at room temperature. In 
this former work, ZrO2 and SiO2 were chosen as supports which cannot be excited by 
visible light to demonstrate the photocatalytic activity of gold nanoparticles. Later, 
we verified that AuNPs is the active site for the complete oxidation of SRB, phenol, 
formaldehyde. Based on the photocatalytic activity of the AuNPs under visible light, 
a new mechanism for the photocatalytic formaldehyde decomposition with the 
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Au/TiO2 catalysts is also proposed [15]. This will be described in the next section. In 
2010, using ZrO2 supported gold nanoparticles as visible light photocatalysts, we 
successfully synthesized azoaromatic compounds via the selective reduction of 
nitroaromatics [156]. The reduction of nitrobenzene using 3wt % AuNPs supported 
on ZrO2 proceeded with an efficiency of 6.9%, which exceeded that of the well-
known photocatalytic reaction that uses a TiO2 catalyst under UV irradiation 
(efficiency < 1.5%). The choice of solvent substantially affected the reduction 
activity of the AuNPs. Solvents such as ethanol, isopropyl alcohol, benzyl alcohol, 
and hexyl alcohol were used, but the best performance was achieved when isopropyl 
alcohol was used. Oxygen gas was released as an unforeseen by-product. The 
quantity of the released oxygen was estimated from its volume, which was equivalent 
to about (82±5) % of the amount derived from the quantity of the reacted 
nitrobenzene. Via the investigation of other experiment parameters, the mechanism 
was proposed as follows (Figure 8): The oscillating electrons interact strongly with 
the electrophilic nitro groups of the nitrobenzene molecules, and assist the cleavage 
of the N-O bonds by H–AuNP species on the AuNPs. Recently, gold nanoparticles 
supported on CeO2 were also found to be efficient visible light photocatalysts for 
three selective reductions of organic compounds at ambient temperatures, namely, 
selective reduction of azobenzene to hydroazobenzene, ketones to alcohols, and 
epoxides to alkenes. What is more interesting is that their reduction ability can be 
tuned by manipulating the irradiation wavelength [157; 158]. 
 
Figure 8. Mechanism for the photocatalytic reduction of nitroaromatic compounds. 
H–AuNP reacts with the N–O bonds to produce HO–AuNP species, which 
subsequently decompose to produce oxygen molecules and H–AuNP species. Ref 
[156]. 
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Since 2011, A. Corma group has tried some reactions using the surface plamon 
resonance effect of gold nanoparticles [160-162]. Using AuNPs supported on TiO2 
(P25) as photocatalyst, García et al investigated two semi-reactions, namely, the 
generation of H2 from water (using EDTA as electron donor) and the generation of 
O2 from water (using AgNO3 or (NH4)2Ce(NO3)6 as electron acceptor). In another 
work [161], using monochromatic light in the range of 410-650 nm, the photo action 
spectrum of Au/CeO2 was also studied. The results showed that the photocatalytic 
activity of Au/CeO2 follows the surface plasmon band of gold nanoparticles, which 
demonstrate that gold NPs are responsible for the visible light absorption. They also 
compared the doping and deposition of gold nanoparticles on TiO2 and believe that 
the deposition of gold nanoparticles does not form part of the solid framework, but 
was a separate phase in interfacial contact with TiO2 [162]. 
Recently, S. Linic et al. also worked on this aspect [163-166]. Using low-
intensity visible light and thermal energy concurrently, plasmonic silver 
nanostructures can drive oxidation reactions (ethylene epoxidation, CO oxidation, 
and NH3 oxidation) at lower temperatures than their conventional counterparts that 
use only thermal stimulus [164]. Singular characteristics of noble metal 
nanostructures compared with semiconductors as photocatalysts were observed and 
analyzed. The reaction rates showed linear-law dependence on the light intensity and 
increase with the operating temperature. [165; 166] 
Other works published by Shiraishi [167; 168] and M. Y. Han [169; 170] etc. 
also demonstrate the promising future using gold nanoparticles as visible light 
photocatalyst in catalytic reactions. 
In addition to these systems, another system (such as Ag-AgCl) shown surface 
plasmon effect in photocatalytic reactions was reported by B. B. Huang [171-174]. 
AgCl NPs was first prepared and then partial Ag+ ions in the surface region of the 
AgCl particles were reduced to Ag0 species under light irradiation. They proved that 
AgNPs formed on silver halide (Ag@AgCl) is efficient and stable photocatalyst 
under visible light illumination due to their plasmon resonance. In their proposed 
mechanism, Cl- ions was oxidized to Cl0 atoms, which are reactive radical species. 
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2.4.2 Possible Mechanisms in Supported Noble Nanoparticles 
For supported gold nanoparticles as visible light photocatalysts, there are 
mainly three possible mechanisms proposed by researchers, namely, LSPR-mediated 
charge injection mechanism, the near-field electromagnetic mechanism and 
scattering mechanisms, which are non-mutually exclusive. 
Let’s get start with the LSPR-mediated charge injection mechanism. We 
believe that the mechanism of photocatalytic reactions on supported AuNPs is 
different from that on semiconductor photocatalysts. Under visible light irradiation, 
semiconductor metal oxides with large band gap such as TiO2 cannot be excited to 
drive photocatalytic reactions, as mentioned above (see Section 2.1). It is the AuNPs 
act as the active photocatalyst under visible light, shown in Figure 9.  
 
Figure 9. Energy diagram of Au/TiO2 catalysts showing the oxidation of HCHO by 
the SPR effect of Au-NPs under visible light. Ref [15]. 
Many researchers confirmed the charge injection mechanism [149; 150; 153; 
154; 175]. E. Kowalska et al [176] also proposed that incident photons was first 
absorbed by gold particles through their LSPR excitation and then electrons may be 
injected from Au particles into the CB of titania which reduces molecular oxygen 
adsorbed on the surface of titania. The resultant electron-deficient gold can oxidize 
organic compounds to be recovered to its original metallic state. In García’s works, 
Au NPs was proved to be the light harvester injecting electrons to the conduction 
band of TiO2 and also the catalytic sites for gas generation under visible light 
irradiation, as shown in Figure 10 [160]. 
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Figure 10. Proposed mechanism for semi-reactions of Au/TiO2 upon excitation of 
the gold surface plasmon band. Adapted from Ref [160]. 
This mechanism was also summarized in the review reported by S. Linic [165]. 
The SPR-mediated charge injection mechanism from metal to semiconductor was 
found to be functional in the system where the plasmonic NPs and semiconductor 
contact with each other directly, allowing a rapid transfer of charge carriers. 
Different from LSPR-mediated charge injection mechanism, the near-field 
electromagnetic and scattering mechanisms work well for the systems where 
plamonic metal and semiconductor were separated from each other by thin, non-
conductive spacers, preventing any direct charge exchange. In addition to the local 
electric field, the metal LSPR of large plasmonic structures (larger than ~50 nm in 
diameter) is accompanied by an efficient scattering of resonant photons. Some works 
published are following this mechanism [177-179]. Using electromagnetic 
simulations, Z. W. Liu et al demonstrated that the increase of photocatalytic activity 
under visible light irradiation was due to the local electric field enhancement near the 
TiO2 surface, which increased the generation rate of h+/e- pairs at the surface of the 
TiO2, rather than by the direct charge transfer between the two materials [180]. 
Lastly, the photocatalytic mechanisms of supported gold nanoparticles under 
UV light irradiation are introduced. Our experiment data indicated that the interband 
absorption (UV) results in a much larger proportion of electron transfer from the Au-
NPs to the oxygen molecule than the intraband LSPR absorption (visible), Figure 11 
[14]. Then selective oxidation of an organic compound could be achieved by 
regulating the electron transfer process, namely, tuning the experimental conditions 
(such as the light wavelength). This was confirmed by our following works [157; 
158]. 
 Chapter 2: Literature review 27 
 
Figure 11. The diagram of band structures of supported Au-NPs and the proposed 
mechanism for photocatalysis under UV and visible light irradiation. Ref [14]. 
However, P. V. Kamat et al believe that the electron transfer from TiO2 to 
noble nanoparticles under UV light irradiation [181-184]. They quantified the 
electrons transferred from TiO2 to noble nanoparticles by using C60 or thionine dye 
as electron acceptor. Compared with the mechanism under visible light where TiO2 
cannot be excited, the mechanism for noble nanoparticles deposited on TiO2 under 
UV light irradiation seems more complicated. 
2.5 SUMMARY AND IMPLICATIONS 
Photocatalysis has attracted growing interest as consequence of the raised 
awareness of energy and environmental issues [1-7]. Titania based semiconductor 
nanomaterials are widely used as photocatalysts [4; 5]. Many methods have been 
developed to improve TiO2 photocatalytic efficiency, such as doping with metal and 
non-metal elements [18-30], synthesis of different phases of nanofibres [40; 41]. 
Although progress has been achieved, seeking new generation of visible light 
photocatalysts is still an attractive for researchers. 
Gold based noble nanoparticles exhibit visible light absorption due to its 
localized surface plasmon resonance (LSPR) effect. This absorption band in the 
visible light range can be adjusted by changing the particle size, shape and other 
parameters of AuNPs. Compared with semiconductor nanostructures, supported 
noble nanoparticles have several distinct characteristics, which exhibit superior 
performance as photocatalysts. The SPR effect will result in the local heating of the 
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nanostructures. Then, coupling the thermal and photonic energy, it is expected to 
drive reactions that cannot be catalysed using thermal stimuli alone. As the quantity 
of AuNPs only takes a few percent of the whole catalyst, much lower energy is 
needed. In addition, energetic electrons under visible light irradiation involves in the 
reactions which may act in different behaviour from the catalytic mechanism in the 
dark. Then, the reactions could proceed at lower temperatures, obtaining important 
unstable intermediates in industry. 
This study focuses mainly on the new photocatalytic reactions can be driven by 
supported AuNPs under visible light irradiation and the investigation of 
photocatalytic mechanisms in these systems. Apart from the study of supported 
AuNPs as photocatalysts, titania nanomaterials such as nanofibres as supports and 
photocatalysts were investigated and modified to improve the photocatalytic activity. 
The aims of this study are described as follows. 
 
Chapter 3: Photocatalytic hydroamination of alkynes with amines by 
supported AuNPs using visible light at ambient temperature (Articles 1-3) 
1. To seek new possible photocatalytic reactions significant in industry and 
organic synthesis, whereas they cannot be activated under mild conditions 
using only thermal stimuli. 
2. To verify the distinct signatures of AuNPs in photocatalytic 
hydroamination reactions compared with conventional semiconductors. 
3. To discover the reaction mechanism of hydroamination using supported 
AuNPs as plasmonic photocatalysts. 
4. To systematically investigate the influence of experiment parameters on the 
reaction. 
5. To study the influence of surface N species on the photocatalytic 
hydroamination using supported AuNPs as photocatalysts. 
Chapter 4: The different contributions of visible light, AuNPs and titania 
supports to the selective reduction of nitroaromatics and oxidation of aromatic 
alcohols (Article 4-Manuscript) 
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1. To investigate the different contributions of TiO2 nanofibres as 
photocatalysts and supports to the organic synthesis. 
2. To study the different influence of visible light (light intensity and 
wavelength) on the photocatalytic reduction and oxidation reactions. 
3. To investigate different effects of the properties of AuNPs (e.g. particle 
size) on the selective reduction of nitroaromatics and oxidation of alcohols 
under visible light. 
Chapter 5: Modifying TiO2 nanofibres as photocatalysts (Articles 5-6) 
1. To design innovative way to paint anatase TiO2 nanocrystals on H-titanate 
nanofibres. 
2. To verify the generality of the synthesis method and the enhanced 
photocatalytic activity. 
3. To evelop new method for selectively doping cerium ions into the TiO2(B) 
core of TiO2(B)/anatase nanofibres. 
4. To determine the structure obtained with varying characterization 
techniques and mechanism involving in the enhanced photocatalytic 
activity. 
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Chapter 3: Photocatalytic hydroamination 
of alkynes with amines by supported AuNPs 
using visible light at ambient temperature 
3.1 INTRODUCTORY REMARKS 
In this chapter, it was reported that supported gold nanoparticles could catalyze 
the hydroamination of alkynes with amines under visible light irradiation at ambient 
temperature. To the best of our knowledge, it was the first report on the application 
of heterogeneous photocatalysis to the addition reaction system in organic syntheses. 
Hydroamination of alkynes with amines offers an atom-economical route to 
various nitrogen organic molecules which are important in fine chemical synthesis 
and industry. As described in Chapter 2, conventional methods have their limits. 
Based on the knowledge of the interaction between AuNPs and aniline, as well as the 
LSPR effect of AuNPs, it is expected to activate anilines with visible light-activated 
AuNPs at room temperature. This process would be efficiently driven if suitable 
supports could be found to facilitate the activation of the reactants such as alkynes. 
AuNPs were firstly loaded on different metal oxides. The size of AuNPs was 
controlled in the range of 4-10 nm with LSPR band around 520 nm. Here, N-doped 
TiO2 nanofibres were prepared and used as supports since during the N doping Ti3+ 
could be formed, which has a higher ability to interact with reactants. Also, the 
surface N species can prevent the adsorption of O2 which is unfavourable for this 
system. Then the photocatalytic activities of these samples were compared. AuNPs 
on TiO2 supports exhibited better performance than other supports, especially N-
doped TiO2 nanofibres. Different techniques were used to verify the activation of 
alkynes and amines. It showed that amines could be activated on AuNPs via the 
interaction between nitrogen lone pair and AuNP while alkynes were probably 
activated on supports especially Ti3+ sites. 
More importantly, noble metal nanostructure as photocatalysts has its distinct 
properties compared with semiconductor nanomaterials. Via the investigation of 
visible light intensity and wavelength, the behaviour of AuNPs as photocatalysts is 
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found to be totally different from semiconductors. The general application of this 
process was also proved by using different types of alkyne and amine reactants. 
For details of this work, please refer to the following papers (Article 1, 3 are 
accepted, Article 2 is being submitted). 
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Chapter 4: The different contributions of 
visible light, AuNPs and titania supports to 
the selective reduction of nitroaromatics and 
oxidation of aromatic alcohols 
4.1 INTRODUCTORY REMARKS 
As stated in Chapter 2, selective reduction of nitroaromatics to corresponding 
azoaromatic compounds and selective oxidation of aromatic alcohols to 
corresponding aromatic aldehydes are important reactions in organic synthesis and 
industry. This chapter will focus on these two types of reactions. 
It is known that TiO2 exists mainly in four polymorphs in nature, anatase 
(tetragonal, space group I41/amd), rutile (tetragonal, space group P42/mnm), brookite 
(orthorhombic, space group Pbca), and TiO2(B) (monoclinic, space group C2/m) [36; 
37]. Recently, our group found that the ability of the TiO2 surface to adsorb and 
activate molecular oxygen, the oxidant in oxidation reactions, profoundly depends on 
these crystal phases of the TiO2 supports. Therefore, the function of these crystal 
phases of TiO2 in reduction reactions is expected to be different from that in 
oxidation reactions and those multi-steps reactions involving oxidation step. 
In addition, the nature of TiO2 supports has significant influence on the 
properties of AuNPs which in turn affect the catalytic activity of AuNPs in the 
organic synthesis. As the advantages of TiO2 nanofibres described in Chapter 2.2.3, 
different phases of TiO2 nanofibres were prepared as supports. Then we load AuNPs 
and conduct the reactions under visible light irradiation. It is believed that these 
AuNPs have more influence on the reactions where more reactants were activated on 
AuNPs surface. Furthermore, the light will influence more on reduction than 
oxidation as the activation of oxygen molecules on TiO2 supports does not require 
light irradiation while the activation of AuNPs is driven by light. 
The work is listed in the Article 4 as manuscript. 
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4.2 ARTICLE 4 (MANUSCRIPT) 
It is in a manuscript format rather than final version for submitting. 
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Chapter 5: Modifying titania nanofibres as 
photocatalysts 
5.1 INTRODUCTORY REMARKS 
As the significant effect of the surface properties of TiO2 nanofibres on the 
reactions and performance of loading AuNPs described in Chapter 4, this chapter 
introduces some innovative work on surface painting and selective Ce3+ doping of 
titania nanofibres. 
(1) In TiO2 photocatalysis, large amount of surface active sites are important 
for performance as the reactions take place on the surface. Small nanoparticles with 
large surface area have problems with aggregation and recovery for reuse. A feasible 
alternative approach is to immobilize the small active particles. This immobilized 
nanomaterial may also be a superior support for the AuNPs as photocatalyst as it is 
beneficial for the dispersion of AuNPs, exhibiting excellent photocatalytic activity. 
In Article 5, using an aqueous solution of titanyl sulphate (TiOSO4), we painted 
anatase TiO2 nanocrystals (NCs) on H-titanate nanofibres and investigated its 
enhanced performance in photocatalytic degradation of dyes and selective oxidation 
of benzylamine under UV irradiation. Then, gold nanoparticles were loaded on these 
supports to conduct photocatalytic reduction of nitrobenzene under visible light 
irradiation. (Article 5) 
(2) A key issue in TiO2 photocatalysis is efficiently separating the 
photogenerated charges with holes as most of them recombine releasing heat other 
than take part in reactions. As reported, mixed phases of TiO2 show excellent 
photocatalytic activity compared with single phase. Another way is to dope 
metal/metal ions. If we can selectively doping the metal ions into one phase of the 
mixed-phase systems, efficient photocatalysts may be achieved. In Article 6, via a 
simple one-pot hydrothermal treatment of proton-titanate nanofibres, we selectively 
doping cerium ions (Ce3+) into TiO2(B) core of TiO2(B)/anatase core-shell 
nanofibres. The corresponding photocatalytic activity in alcohols oxidation and dyes 
degradation was also investigated. (Article 6) 
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5.2   ARTICLE 5 
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5.3   ARTICLE 6 
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Chapter 6: Conclusion and future work 
6.1   CONCLUSIONS 
In Chapter 3, it demonstrated that photocatalytic hydroamination with high 
conversion and selectivity could be achieved near room temperature by using 
supported AuNPs under visible light irradiation. The highest activity was obtained 
(90%) with a selectivity of 91% for the AuNPs on nitrogen doped TiO2(B) 
nanofibres. The reaction rate correlates well with the LSPR absorption band of 
AuNPs that indicates the essential role of AuNPs play in this reaction - the AuNPs 
were first initiated by visible light irradiation. Then, the electrons energised by the 
LSPR effect could transfer to the conduction band of TiO2 support. Using FT-IR and 
Raman spectroscopy, we demonstrated that anilines were activated on these 
positively charged AuNPs via the interaction of nitrogen lone pair and AuNPs while 
alkynes were activated on supports, preferring Ti3+ active sites. These findings 
provide insight into catalyst design for the activation of C≡C triple bond and 
amines. In addition, N species on the surface could promote the formation of Ti3+ 
and also inhibit the oxygen adsorption, which is unfavourable for the reaction. 
Compared with conventional semiconductor photocatalysts, the distinct signatures of 
AuNPs as photocatalyst were proved as reaction rates increasing with reaction 
temperature and showing linearity in the relationship with light intensity. This study 
reveals the possibility of a new green approach for the synthesis of fine organic 
chemicals. 
In Chapter 4, efficiently selective reduction of nitroaromatics and oxidation of 
aromatic alcohols were successfully fulfilled by using AuNPs on different phases of 
titania nanofibres. The performance of AuNPs in nitroaromatics reduction changes 
with the surface area of those AuNPs. AuNPs on TiO2 supports with anatase phase 
favourable for the oxidation, TiO2(A@B) [B core with a anatase shell], while on 
nitrogen doped TiO2(B) show the highest activity for nitroaromatics reduction. The 
light intensity influences more the reduction. An original finding is that the visible 
light influences more on the reduction than that on the oxidation and results in 
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activation energy decrease of 24.7 kJ/mol for reduction much more than that of 8.7 
kJ/mol for oxidation. 
In the first part of Chapter 5, anatase nanocrystals were painted on various 
substrates to achieve large surface area, enhancing the photocatalytic activity. The 
photocatlaysts of AuNPs on the anatase NC painted titanate nanofibres or P25 can 
efficiently reduce nitrobenzene to azoxybenzene. In the second part, cerium ions 
(Ce3+) was selectively doped into TiO2(B) core while the anatase shell were undoped. 
This structure inhibits the recombination of the photogenerated electrons and holes, 
in turn promote the photocatalytic activity. 
6.2   FUTURE WORK 
6.2.1   Projects on Photocatalytic Hydroamination Reactions. 
In this study, I have successfully fulfilled hydroamination of alkynes with 
amine at ambient temperature using supported gold nanoparticles (AuNPs) as 
visible-light photocatalysts. The following study will focus on other plasmonic 
photocatalysts suitable for the hydroamination reactions under visible light 
irradiation. Silver nanoparticles (AgNPs) and copper nanoparticles (CuNPs) are 
potential candidates since their localized surface plasmon resonance absorption band 
located in the visible and near-infrared frequencies. 
The interaction of alkynes with AuNPs and the influence of other supports on 
this reaction will also be investigated. Homogenous gold complex could activate 
alkynes while it may also works for the supported AuNPs in our system especially 
the sites located at the interface of AuNPs and TiO2 supports. 
Extending the application of this process to alkenes is also needed. We should 
adjust the reaction conditions as the adsorption and activation of alkenes on catalyst 
surface is weaker than alkynes. 
6.2.2   Projects on Photocatalytic Reduction of Nitroaromatics and Oxidation of 
Aromatic Alcohols 
In this study, I also found that the influence of visible light and AuNPs on the 
photocatalytic reduction of nitroaromatics and oxidation of aromatic alcohols is 
different from that of TiO2 supports. In the future, it is interesting to investigate 
whether these different contributions work in other reduction and oxidation systems. 
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6.2.3   Surface Complex as Promising Visible-Light Photocatalysts 
I have also grafted vanadium organic species (vanadyl acetylacetonate, 
VO(acac)2 as shown in the picture) on different supports such as H-titanate 
nanofibres. It exhibited good activity in the oxidation of aliphatic alcohols and 
toluene to corresponding aldehydes under visible light irradiation. This finding is 
significant in the seeking of new photocatalysts using surface complex. 
VO(acac)2 
We will prove the grafting mechanism is via the interaction of vanadium 
species with surface OH groups on the supports as follows: 
Ligand exchange 
Hydrogen bonding 
Characterisation of the materials will be first tested. Photocatalytic mechanism 
involving in the aliphatic alcohols and toluene under visible light irradiation will also 
be investigated using different method and techniques such as FT-IR and SPR. This 
work is underway and expected to be published in high quality papers. 
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